Vibration responses of building structure closely related to the structural health status. In this paper, wavelet singular spectrum entropy (WSSE) is proposed to evaluate the damage condition of building structure. A 1/3 scaled model of a Chinese ancient timber structure has been constructed, and three damage conditions and one restored condition of the structure are simulated. The acceleration responses for undamaged and the four simulated damaged and restored conditions are measured and analyzed by employing WSSE to identify the location at which the structure has incurred damage. Results show that (1) the relative variation rate of WSSE for the damaged position changes significantly; (2) the relative variation rate of WSSE of the point that is damaged more severely would become higher; and (3) signals of North-South and East-West directions are required for further identification. Moreover, a finite element modeling analysis of the timber structure under different damage conditions is performed, and the results verify the applicability of the method proposed.
Introduction
Timber structural building is widely distributed in China. After a long service, a timber building might incur some damage and defects, which could considerably weaken the bearing capacity and reduce its structure's stability. Hence, it is of great importance to identify the location of damage and the degree of damage in a timber structure so that the structure could be evaluated and be well maintained and protected.
Identification of structural damage comprises local detection and global detection. The methods used for local detection comprise the ultrasonic pulse method and the Xray method, while global detection involves observing the specific changes in structural vibration to evaluate structural health [1] . The commonly used frequency domain or time domain identification methods cannot meet the requirements of local analysis in time and frequency domain simultaneously. Wavelet analysis decomposes the signal into the sum of mother wavelets or wavelet basis functions of different translation and scale factors, so that it has different window functions. Meanwhile, wavelet analysis has good local analysis function and can detect signal discontinuity and breakpoint. The local analysis of the signal can be implemented by wavelet analysis in any time or space domain [2] . Thus far, efforts have been devoted to the study of damage identification. Rucka and Wilde [3] analyze the damage location in a beam and a plate structures, respectively, by using one-dimensional Gaussian wavelet and two-dimensional reverse biorthogonal continuous wavelet transform. Hester and Gonzalez [4] use the energy of wavelet decomposed acceleration response to a moving load (vehicle) as a damage feature for structural health monitoring. The wavelet representation reveals that those damaged strips have a higher wavelet energy content than the undamaged strips.
The research on damage identification of wavelet analysis mainly focuses on high frequency wavelet transform coefficient, wavelet packet transform, wavelet basis function expansion, multiscale wavelet transforms, and wavelet singularity theory. Douka et al. [5] identifies the location and depth of cracks on a cantilever beam by using the continuous wavelet transform coefficient and the Lipschitz index of vibration mode. Yam et al. [6] effectively identify the location of damage in a composite laminated plate through a combination of wavelet packet, which disassembles the energy of the collected signals, and the neural network method. Wang and Deng [7] adopted multiscale wavelet transform to identify the location of cracks in a simply supported beam. As discussed by Li [8] , wavelet analysis is adopted to perform damage analysis to provide an early warning for damage to ancient timber structures enduring random excitation and evaluated the relative changes between each frequency band by determining the energy ratio deviation and energy ratio variance, which are warning indices of the degree of damage in timber structures. Wang et al. [9] identified damage in a timber structural model by using acceleration response signals under environment excitation by using the wavelet packet energy curvature difference method, and although the feasibility of the method is verified theoretically, it has not yet been verified in practice.
Wavelet singular spectrum entropy (WSSE) can be used to indicate the uncertainty of vibration response signals in time-frequency energy distribution and measure and analyze the complexity and uncertainty of the fault transient signal so as to provide quantitative and intuitive analysis results for the research on failure. Li et al. [10] employed a damage diagnosis method based on singular spectral entropy and impulse response for a Benchmark structure proposed by the ASCE institute. Furthermore, the accuracy of the method is validated based on the identification of the location of damage. He et al. [11] perform a finite element analysis on a pile structure, by calculating the relative variation in the distribution of wavelet packet energy entropy bearing the impulse response, and the relative variation is used as a recognition feature parameter for identifying the location of damage and degree of damage of the pile structure. However, experimental verification is not performed for the pile structure.
According to research on damage identification based on the wavelet theory, the entropy method is seldom used in identifying damage in timber structures. Theoretical methods and simulated calculations are often used for damage localization; however, very few verification tests have been performed. In this study, a 1/3 scaled model of a timber structure named "Zhoufujiu" is constructed. Tests are performed on the model based on the WSSE theory, and the change in WSSE is used for damage localization and degree of damage. The effectiveness of this method for damage identification of timber structures is verified by a numerical analysis.
Damage Identification Method
Based WSSE Theory
. . Wavelet Singular Value Decomposition. When a structure incurs damage, its vibration response will change. The change in structure vibration can reflect its current working state, and it can be used as an indicator for evaluating the state of a structure. The relative variation rate of WSSE is used to indicate the working state of the structure in this study.
Singular value decomposition of matrix is an important analytical method in signal processing, statistical analysis, and optimization theory. For a test signal with length of N,
The appropriate wavelet transform function is selected and the signal is decomposed into K layers, and the details as well as the approximations can be split, which is shown in Figure 1 and (2), where, 1 , . . . ,
are approximate values of 1-K level decomposition and 1 , . . . , are details of 1-K level decomposition. The coefficient matrix of decomposed signal is shown in (3) . By comparing several wavelet basis functions such as Morlet, Gaussian, Daubechies 2, Daubechies 5, and Mexicanhat, it is found that Daubechies 5 has the best sensitivity to singularity of signals [12] , so Daubechies 5 is employed as wavelet basis function in this study. The measured signal is decomposed 9 times, as more decomposition data will not change obviously.
where
This is the wavelet transform detail of the test signal on the th scale.
This is the approximate representation of the wavelet transform of the test signal on the th scale.
The coefficient matrix (3) is decomposed by singular value decomposition, and (6) is obtained.
where × and ( +1)×( +1) are orthogonal matrices.
1 ≥ 2 ≥ . . . ≥ K+1 are the singular values of the wavelet decomposition coefficient matrix ×( +1) [2] .
. . WSSE eory. The wavelet singular value spectrum of test signal is recorded as vector:
The singular spectrum entropy is defined as follows:
where is the proportion of the i th mode of the whole mode.
Singular spectrum entropy reflects the uncertainty of each mode under the singular spectrum division in the time domain signal and the time domain complexity of signal energy distribution. When the distribution of the signal energy tends to be simple, energy will be concentrated in a few modes, and the corresponding singular entropy value will be lower. In contrast, if the signal is more complex and the energy is more dispersed, then the value of the corresponding singular entropy will be higher. Therefore, singular spectrum entropy can describe the degree of complexity of the energy distribution of singular components in the signal.
Experimental Study
. . Test Introduction. In this study, a timber structure is taken as the research object. The height, width, and length of the structure are 2.94 m, 2.18 m, and 3.65 m, respectively, and the structure comprises two floors. The wooden frame is constructed with through-jointed frame method and beamlifted frame method. A 1/3 scaled model of the structure is constructed for testing, as shown in Figure 1 . The material used for constructing the model is fir wood. In particular, the columns are located in wooden boxes filled with wood blocks, instead of traditional bases, which is convenient for adjusting the settlement of column bases.
The measuring points are arranged on Column 1 and Column 2 at the bottom of the first floor, node of the second floor, and the top of the second floor, as shown in Figures 2  and 3 . The acceleration response signals of the timber model under different conditions are collected and analyzed in the test. The values of WSSE under different conditions and their changes are obtained. Furthermore, the relationship between the relative variation rate of WSSE and the location of damage of the timber structure is investigated. Based on the results, we can evaluate the damage state of the structure.
. . Simulation of Different Conditions. Two columns are selected and damaged artificially to simulate the actual damage of the timber structure. Further, restored conditions are simulated to confirm the effectiveness of using relative variation rate for damage identification. Thus, the status of the model comprises five conditions, namely, (ii) Damage condition 1: the bottom of Column 1 is completely corroded. To simulate this damage condition, the wooden blocks in the wooden box base of Column 1 are removed, and the column is in a suspended state, as shown in Figure 4 .
(iii) Damage condition 2: the bottoms of both Column 1 and Column 2 are completely corroded. Similarly, the wooden blocks in the wooden base of the two columns are removed, and the columns are in a suspended state.
(iv) Damage condition 3: Column 1 is damaged. To simulate this condition, a semicylinder with 25 cm height is sawed underneath the joint of the second floor in Column 1, as shown in Figure 5 .
(v) Restored condition: To confirm the effectiveness of using the relative variation rate for damage identification, the damaged Column 1 was repaired. The halfcylinder that was sawed from Column 1 was pasted to its original location by using wood adhesive. Then, wood shavings mixed with wood glue were used to fill in the gaps. Finally, the half-cylinder was fixed to the column by a small-gauge wire, as shown in Figure 6 .
. . Environmental Excitation Test.
The response of the structure under environmental excitation is a random process, and the response will change accordingly when the structure is damaged. An environmental excitation test is carried out in this study, and the acceleration responses of the six measuring points in the North-South and East-West directions under each condition are measured, respectively. The acceleration response of the structure is obtained through smoothing and filtering.
. of the intact structure, then it can be concluded that the structure is damaged at that location. The relative variation rate of entropy can be defined as follows:
Column 1 Damaged position where ( ) is the relative variation rate of entropy; (0) is the entropy value of the undamaged structure; and ( ) is the entropy value of the structure under different conditions.
The relative variation rates of the WSSE values of the structure in the North-South and East-West directions under damage condition 1 are shown in Table 1 , the trends of the relative variation rates of the WSSE values are shown in Figure 7 . It can be seen from Figure 7 that the relative variation rates of WSSE in both the North-South and East-West directions of point 1 are higher than those of other measured points. Corresponding to reality, point 1 is located in the column base that is corroded completely. The relative variation rates of WSSE in the North-South and East-West directions under damage condition 2 are shown in Table 2 , and the trends of the relative variation rates of the WSSE values are shown in Figure 8 .
It can be seen from Figure 8 that the relative variation rates of WSSE of measured points 1 and 4 in the NorthSouth and East-West directions are higher than those of other points. Points 1 and 4 are located at the bottom of the first floor of Column 1 and Column 2. Therefore, the results derived from WSSE are identical to the actual damaged situation.
The relative variation rates of WSSE corresponding to damaged Column 1 in the North-South and East-West directions under damage condition 3 are shown in Table 3 , and the trends of the relative variation rates of the WSSE values are shown in Figure 9 .
The variation rates of WSSE of measured point 2 in the North-South and East-West directions are higher than those of other measured points (Figure 9 ). Point 2 corresponds to the node of the second floor of Column 1. Therefore, the results determined by WSSE are consistent with the actual condition.
The change in WSSE for the restored structure and the values of WSSE in the North-South and East-West directions Table 5 : Elastic characteristics of fir wood. are analyzed and shown in Table 4 . The comparison of relative variation rates of WSSE of the damaged and restored structures is shown in Figure 10 .
From Figure 10 , we can see that the relative variation rates of WSEE at measuring point 2 in the North-South and East-West directions decrease after restoration. According to the methods proposed above, the reduction in relative variation rate is due to the reduction in the degree of damage after restoration. In addition, the feasibility of this restoring method is demonstrated. The results of this research indicate that using the variation rate of WSSE is effective in identifying the location of damage of a structure.
Numerical Analysis
. . Damage Simulation of Timber Structure. To simulate the damage to the timber structure, the finite element method is used. Beam 188 unit [13] , elastic unit [14] , and SOLID186 unit [15] are used to simulate the semirigid node of the mortise and tenon joint, beam-column member, and damaged semicylinder, respectively. To consider the characteristics of fir wood, the column is compressed and the beam is curved along the grain. The elastic characteristics of the various sections of wood are listed in Table 5 [16] . The mass of the roof and wall is not considered in the calculation. In the actual structure, the column is put into the grooved stone base, which cannot limit the rotation of the column completely. Therefore, a fixed hinge support is chosen in the simulation to be consistent with the actual situation [17] . The finite element model of the timber structure developed in this study is shown in Figure 11 .
In this study, based on ANSYS software, the model is analyzed by transient dynamic theory, and the white noise signal is used as input to simulate the conditions of natural environment excitation of the model. To obtain the acceleration response signal of the corresponding measured points of the structure, the value of wavelet singular spectrum entropy is calculated by using a MATLAB program.
The simulated damaged condition in the finite element model corresponds to the test model. The damage conditions are shown in Table 6 .
. . Damage Identification. Damage condition 1 and condition 2 are taken as examples to show the effectiveness of using the relative rate of WSSE as an indicator to determine the location of damage. The relative rates of WSSE for damage condition 1 obtained from the numerical method are shown in Tables 7 and 8 . The comparison of the relative rates of WSSE for damage condition 1 and damage condition 2 obtained from the model test and numerical method is shown in Figure 12 .
In Figure 12 (a), the simulation curves with the relative variation rate of WSSE fit better with the curves in the model test both in the N-S and E-W direction. It can be indicated from these curves that there exists damage at measuring point 1, which corresponds to the bottom of Column 1, while the data distributions plotted in Figure 12 (b) indicate that the damage occurs in point 1 and point 4, which corresponds to damaged condition 2 in Table 6 . From the above, the results show good agreement with the real damage condition of the structure.
Analysis and Discussion
According to the analysis described above, for each damage point, the results of the finite element simulation are in good accordance with the measured data. Damage could change the value of entropy at the corresponding location; the location at which the relative variation rate of WSSE is higher indicates that this position is damaged more seriously.
Wang et al. [9] proposed a new approach to identify damage to timber structure based on wavelet packet energy curvature difference. Compared with the WSSE method proposed in this study, the wavelet packet energy curvature approach serves to decompose the high frequency part by using high frequency differential resolution. However, this method is sensitive to noise; therefore, it can accurately determine the location of damage under noiseless environment. Li [8] performed damage analysis of timber structures under random excitation using energy ratio deviation and energy ratio variance as warning indicators to reflect changes among different frequency bands. Furthermore, multiscale damage identification requires multiscale feature acquisition, which requires higher requirements for observation and measurement.
To identify the location of damage of the structure, a method based on singular spectrum entropy and impulse response was proposed by Li et al. [10] . The method for damage localization and determining the degree of damage using the relative variation rate of wavelet packet energy entropy was also proposed by He et al. [11] . Different from the above, this study proposes using WSSE for damage identification. The relative variation rate of WSSE is used as the characteristic parameter for damage identification, which is independent of a mathematical model, convenient, and sensitive to damage. Hence, the method proposed in this study can offer reference for detection of defects and research of timber structure.
Conclusions
In this study, a method to inspect the location of damage in a timber structure is proposed by using the relative variation rate of WSSE as an indicator. The effectiveness of the method proposed in this study is verified through experimental test and numerical simulation of the timber structure. The conclusions are as follows: (i) The relative variation rate of WSSE changes considerably at the location of damage. The relative variation rate of WSSE is higher in the position that has been damaged more seriously. (ii) The value of WSSE is sensitive to damage of the timber structure, even for a minor damage. When the damage is preliminary identified as slight, the number of survey points needs to be increased. (iii) The values of entropy in the North-South and EastWest directions are different. Thus, the signals in the two directions are required for further identification.
The effectiveness of this method is verified through a model test and numerical analysis, which lays a theoretical foundation for study on damage identification of the timber structure under environmental excitation.
Data Availability
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